Nanosized PTFE-based core-shell particles can be prepared by emulsifier-free seed emulsion polymerization technique starting from spherical or rod-like PTFE seeds of different size. The shell can be constituted by the relatively high Tg polystyrene and polymethylmethacrylate as well as by low Tg polyacrylic copolymers. Peculiar thermal behavior of the PTFE component is observed due to the high degree of PTFE compartmentalization. A very precise control over the particle size can be exerted by properly adjusting the ratio between the monomers and the PTFE seed. In addition, the particle size distribution self-sharpens as the ratio monomer/PTFE increases. Samples with uniformity ratios suited to build 2D and 3D colloidal crystals are easily prepared. In particular, 2D colloidal crystal of spheres leads to very small 2D nanostructuration, useful for the preparation of masks with a combination of nanosphere lithography and reactive ion etching. 3D colloidal crystals were also obtained featuring excellent opal quality, which is a direct consequence of the monodispersity of colloids used for their growth.
Introduction
A milestone in the tetrafluoroethylene (TFE) polymerization is represented by the development of the homo-and copolymerization microemulsion technology, on industrial scale, based on the use of perfluoropolyethers (PFPE) in oil/water microemulsion. A great deal of interest was focused on the resulting polytetrafluoroethylene (PTFE) nano-and microparticle latexes [1, 2] . PTFE aqueous dispersions featuring particle size as small as 10 nm can be produced, with particle concentration number as high as 10 18 -10 19 (particles/liter) . Moreover, by varying the amount and structure of PFPE as well as the quantity and nature of the comonomers, PTFE nanoparticles can be designed with highly differentiated architectures, including size, shape, and chemical composition.
Many interesting applications were disclosed for these PTFE nanoparticles including components in PTFE bimodal mixtures, ultralow-K dielectric materials, nanofillers for fluoroelastomers and fire-retardant additives with the reported purpose to inhibiting the dripping of molten particles from the burning polymer [3] [4] [5] [6] .
However, the compatibility and adhesion characteristics of PTFE and the various polymeric matrices are inadequate thus resulting in low dispersion degrees within the matrix and poor mechanical coupling among the various blend components. Moreover, the resulting compositions exhibit a pearl scent opaque appearance that prevents their use in applications where transparency is required. Finally, the poor dispersion of PTFE material adversely affects the efficiency in reducing the heat release.
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To enhance wettability and compatibility, several PTFE surface modification strategies were developed based on either high power chemical and reactive processing procedures [7, 8] or high energy treatments [9, 10] . Reactive extrusion of electron-beam irradiated PTFE and polyamides was demonstrated [11] [12] [13] to be effective in the preparation of well-dispersed compounds due to the occurrence of transamidation reactions accompanied by the breakdown of the PTFE agglomerates. However, consistent degradation of the basic PTFE structure upon irradiation is unavoidable.
An alternative and promising nondestructive approach to produce compounds with a perfect dispersion of PTFE particles is based on the preparation of core-shell particles in which the core is constituted by PTFE and the shell by a conventional polymer. In the early studies, several composite particles consisting of PTFE core and crosslinked polybutadiene shell were described by Okaniwa [14] whereas the preparation of one sample only of core-shell particles in which the core is made up of PTFE and the shell of crosslinked PS was reported by Othegraven [15] . More recently, extensive studies were reported for core-shell nanoparticle systems composed of PTFE core and polyacrylic shell [16, 17] with various compositions.
Two-stage seeded emulsion polymerization is the general method [18, 19] to prepare latex particles featuring a coreshell morphology. The first stage, the core preparation, can be carried out either separately or in situ and the polymerization process of the second stage is a seeded process in which the second monomer is added continuously or batchwise to the reaction vessel. In most cases, some miscibility between the core polymer and the shell-forming monomer produces a partial swelling thus ultimately leading to an intermixing diffuse region. However, in the present case, the shell-forming monomer is always insoluble in the PTFE and the polymerization occurs exclusively in the shell region of the latex.
A perfect degree of dispersion of the PTFE particles within a polymer matrix could be obtained if the shell is constituted by the same polymeric material with which the polymer matrix is made up. The application of this concept leads to a novel class of specific and very efficient PTFE-based additives (Scheme 1).
An additional reason of interest for these core-shell nanoparticles is also related to their potential use as building blocks for colloidal crystals and other nanostructured materials [20] [21] [22] [23] . They can self-assemble to generate 2D and 3D ordered structures which represent promising candidates in applications such as catalysis, sensing, optics, molecular separation, molecular reaction dynamics, single-molecule detection, and optoelectronics.
Two-dimensional structuration leads to 2D colloidal crystals which are extensively employed in nanosphere lithography [24] (NSL), among others. NSL is based on the self-assembly of nanospheres into close-packed monolayers or bilayers, which are then employed as lithographic masks to fabricate nanoparticle arrays. Consequently, NSL is an efficient, inexpensive, inherently parallel, material-specific, and high-output process for nanostructure fabrication process which can systematically produce a 2D array of periodic structures.
Scheme 1: PTFE dispersion improvement through the use of coreshell particles.
Scheme 2: 2D and 3D colloidal crystals from PTFE based core-shell particles.
The use of spherical colloids to obtain highly ordered periodic 3D structures, that is, photonic crystals, opens novel perspectives in organic photonics since the the periodic modulation in structure and composition allows to control light propagation and emission [25] .
In addition to the building up of conventional opals, once a well-ordered assembly of core-shell particles is obtained, annealing at a temperature higher than the flow transition temperature of the shell-forming polymer allows the shellforming polymer to soften and form a matrix surrounding 3D periodic array of in which the PTFE particles are arranged in regular registry. Since the characteristic size of the different domains is on the nanometer range, nanoscale thin films and three-dimensional materials can be prepared (Scheme 2).
For these applications, the particle size control represents the key to produce successful nanostructures. As monodispersed particles in the 30 nm to 1 micron size range are involved in the preparation of nanostructured materials, emulsion polymerization [26] is the most suitable particle forming technique. In this process, the most important parameter, that controls the particle nucleation, is the surfactant concentration. A narrow particle size distribution can be achieved when a low surfactant concentration is employed [27, 28] . The "surfactant-free emulsion polymerization" (SFEP) represents an efficient technique to prepare monodisperse latexes because the time for nucleation is extremely short. However, SFEP approach affords particles with size generally comprised between 300 and 800 nm whose monodispersity is not always guaranteed. In addition, a certain variability in the final average particle size is observed.
A related approach to prepare such nanosized particles [29, 30] relies on the seeded emulsion technique starting from seeds of a few nanometers. These can be prepared in situ by a self-seeding technique or can derive from a distinct preparation. Considering the latter approach, polytetrafluoroethylene (PTFE) latexes with particles in the submicrometer size range can be successfully employed as seeds in the emulsifier-free emulsion polymerization of various monomers including styrene [31, 32] , acrylic mixtures [33] , or methyl methacrylate [34] [35] [36] or thus leading to a wide variety of core-shell nanosphere architectures featuring a relatively narrow size distribution. In this paper, we review our most recent results concerning preparation, properties and self-assembly behavior of PTFE-based coreshell particles using polytetrafluoroethylene (PTFE) latexes with particles in the submicrometer size range, as seeds in the emulsifier-free emulsion polymerization of various monomers thus leading to a wide variety of core-shell nanosphere architectures in which the shell-forming polymers can be designed with glass transition or flow transition temperatures above or below room temperature.
Experimental Part

Materials.
The PTFE latexes employed in this study and provided by Solvay Solexis were marked BPM, BP44, DV2, DV3, D60, D60G, and MD. Their characteristics, including particle radius and particle shape, the solid content, the particle number concentration, and the conductivity are collected in Table 1 . The monomers styrene (99% Aldrich), butylacrylate (≥99%, Aldrich), methylacrylate (≥99%, Fluka), ethylacrylate (≥99%, Fluka), and methyl methacrylate (99% Fluka) were distilled under reduced pressure in nitrogen atmosphere and stored at −18 • C until use. Methacrylic acid (≥98.0%, Fluka) and potassium persulfate (98%, Carlo Erba) were used without further purification. The C1 mixture is constituted by methylacrylate, ethylacrylate, and methacrilic acid with weight percent of 39, 57, and 4%, respectively. The C2 mixture is constituted by butylacrylate and methacrilic acid with weight percent of 96 and 4%, respectively.
General Preparation of PTFE-Based
Core-Shell Nanospheres. The PTFE-based core-shell colloids were syn- [36] thesized in a 1 L five-neck jacketed reactor equipped with a condenser, a mechanical stirrer, a thermometer, and inlets for nitrogen and monomer(s). First, the appropriate amount of PTFE latex was introduced into the reactor containing 500 mL of deionized water at room temperature with a stirring rate of 300 rpm. The mixture was purged with nitrogen for 20 min and nitrogen was flushed during the entire polymerization procedure. Next, the mixture was heated to 75 • C and the monomer(s) was added. Then, after additional 15 min of equilibration time, the potassium persulfate aqueous solution (10 mL, 0.74 mmol) was added and the mixture was reacted for 24 h. The obtained latex was purified from the unreacted monomer by repeated dialyses using a membrane with MWCO of 12.4 KDa. All the latexes were obtained following the above general procedure by varying the initial PTFE latex amount. Starting from the various PTFE seeds and changing the ratio between the PTFE and the monomer(s), several sample series were obtained. The series were marked with an acronym comprising the PTFE seed, the type of monomer or comonomeric mixture, and a number which relates to the initial PTFE weight percent with respect to the monomer or comonomeric mixture. As an example, the MDMn series is obtained from the MD latex and methylmethacrylate (M) whereas styrene and the two acrylic mixtures are indicated as S, C1, and C2, respectively. The experimental details of the already published sample series are described in the corresponding papers as summarized in Table 2 . The experimental details of series MDS and D60GS are reported in Tables 3 and 4 .
Preparation of 2D and 3D Colloidal
Crystals. 2D colloidal crystals were prepared by the floating technique [37] [38] [39] , on the air liquid interface and then lifted on the surface of a solid substrate. With this method, the original dispersion Table 4 : Sample composition derived from TGA and DSC, glass transition temperature, diameter estimated, PCS Size, SEM size, and uniformity ratio of the various samples. (eventually diluted to reach typical concentrations ranging from 5 to 10% in water) is mixed with ethanol (1 : 1 V/V). This gives an accurate control of the floating level of the monolayers on the water surface thus allowing the formation of large 2D crystals screening the surface charge on the sphere by water molecules. The final addition of a surfactant in the water further compacts the 2D crystalline islands. In this phase, parameters like sphere surface charge, ethanol content, and dispersion method are rather critical in the formation of large crystal assemblies. Silicon substrates have been used to lift the floating crystals. 3D colloidal crystals were grown by using the vertical deposition technique [40] starting from core-shell latexes properly diluted with deionized water. Growth occurred on glass substrates at 45 ± 1
• C inside a BF53 Binder incubator. Opals were composed of flat domains with the [111] direction of the face-centered cubic lattice of spheres perpendicular to the substrate. In the best samples, domain sizes are 50-100 microns. However, defects inside these domains, in particular stacking faults, cannot be excluded. Opals are marked with the prefix O before the name of the sample employed to build up the corresponding opal.
Characterization. Scanning electron microscope (SEM)
analysis was performed using an Inspect F SEM-FEG (Field Emission Gun) from FEI company, with a beam diameter of 3 nm. The SEM micrographs were elaborated by the Scion Image processing program. Photon correlation spectroscopy (PCS) analysis at 25
• C was performed with a Malvern Zetasizer 3000 HS at a fixed scattering angle of 90
• , using a 10 mV He-Ne laser and PCS software for Windows (version 1.34, Malvern, UK). Each value is the average of five measurements. The instrument was checked with a standard polystyrene latex with a diameter of 200 nm. Electrophoretic mobility was measured with a Malvern Zetasizer 3000 HS. Each value is the average of five measurements.
SFM analysis was performed with Tapping-Mode Atomic Force Microscopy in air on a Multimode Nanoscope IIIa instrument (Veeco, S. Barbara, CA, USA) operated in constant amplitude mode. A multilayer of nanoparticle is obtained by drop casting and aliquot of water suspension on a disc of freshly cleaved muscovite mica (Electron Microscopy Sciences, Hatfield, PA, USA) and the solvent is allowed to slowly evaporate. Images are then subjected to flattening using the microscope constructor software.
Journal of Nanomaterials Thermogravimetric analysis (TGA) was performed with a Mettler-Toledo TGA/SDTA851 e at a scanning rate of 10
• C/min from room temperature up to 1100
• C under nitrogen flow. The solid content of latex dispersions was determined by TGA. Differential scanning calorimetry (DSC) was carried out using a Mettler-Toledo DSC 821 apparatus. Samples of about 5 mg were employed. The instrument was calibrated with high purity standards at 10
• C·min −1 . Dry nitrogen was used as purge gas. Reactive Ion Etching (RIE) was performed in oxygen plasma, at an operative pressure of 3.0E-1 mbar, flux of 80 sccm, 80 W RF power, with etching time ranging from 20 to 120 seconds.
Transmittance (T) and reflectance (R) spectra were recorded with Avantes Avaspec-2048 compact spectrometers (230-1100 nm spectral range, ∼1.4 nm spectral resolution). Light from a combined deuterium/tungsten-halogen lamp was guided by an optical fiber to a proper collimating optics (spot diameter variable in the range 0.5-5 mm) on the sample, which is mounted on a goniometer. Transmitted light was collected and driven by another optical fibers to the spectrometer. Normal incidence reflectance was measured on six different 2 mm diameter spots by a Y reflection probe bundle fiber. Light was linearly polarized by using a GlennThompson Halbo Optics polarizer. All details on the optical set-up are reported in [41] .
Results and Discussion
3.1. Synthesis. PTFE latexes with different size and shape were prepared by microemulsion polymerization and employed as seeds in the successive emulsifier-free seeded emulsion polymerizations. In particular, BPM, BP44, DV2, MD, D60, and D60G latexes consist of spherical particles with average diameters of 20, 26, 33, 41, 130 , and 240 nm whereas DV3 consists of rod-like particles with an equivalent radius of 62 nm and an axial ratio of 3.2 ( Table 1) . As typical examples, Figure 1 reports the AFM images of samples MD and DV3. As the presence of the residual surfactant deriving from the TFE microemulsion polymerization could interfere with the successive emulsifier-free seeded emulsion polymerization, all the PTFE latexes were thoroughly dialyzed. At the end of the purification process, the conductivity of all the PTFE latexes was lower than 150 μS/cm.
The emulsifier-free seeded emulsion polymerizations of the various monomers including styrene, methylmethacrylate, and the acrylic mixtures C1 and C2 were performed by adding appropriate amounts of the PTFE latex and monomers into deionized water and running the reactions at 75
• C for 24 hrs using potassium persulfate as the free radical source. At the end of the reaction, the latexes were purified by repeated dialyses. In all the polymerization reactions, monomer(s) and potassium persulfate as well as the water content were kept constant, whereas variations were allowed in the amount of PTFE. Under these conditions, the initial PTFE weight percent with respect to monomer(s), and PTFE was varied from 0.25 to 90%. No gel trace or polymeric gross aggregates were found in all cases. Nearly quantitative monomer conversion and nanosphere yield were obtained. The final latexes are very stable (up to two years). Figure 2 reports the SEM micrographs of samples D60GS1, MDS3, BPM7, and DV2M1.
Size and Size Distribution of the Core-Shell Particles.
Although these samples are prepared starting from PTFE seeds differing in their size and using styrene or methylmethacrylate as the shell-forming monomer(s), in all cases they feature a quite narrow size distribution.
The composition of all the samples can be easily estimated from the TGA analysis, as reported in Figure 3 for typical samples. In all the thermograms, there are two main losses. The lower temperature loss is associated to the degradation of the shell-forming polymers which occurs at 410
• C (midpoint) for polystyrene, at 350
• C for polymethylmethacrylate, and at 390
• C for the two acrylic mixtures C1 and C2 whereas the weight loss at 570
• C corresponds to PTFE decomposition. The composition of the various samples is in excellent agreement with the one calculated from the amount of the initially added PTFE and monomer or comonomeric mixtures. The size and size distribution of the various samples were studied using a combination of SEM, AFM, and PCS analysis. Figure 4 reports typical PCS curves for MDSn series and, for comparison purposes, the PCS curve of the MD latex. No residual PTFE deriving from MD latex is present in the various samples, thus indicating that PTFE is highly efficient as seed in the styrene polymerization. Figure 5 reports the SEM images for series MDSn as well as the size distribution, including the uniformity ratios U [42] whereas Figure 6 illustrates the trend of the particle diameter and the uniformity ratio as a function of the S/PTFE weight ratio.
Over the entire S/PTFE range, the particle size increases as the S/PTFE ratio increases indicating that secondary nucleation was prevented with all the monomer ending up as shell polymer. In addition, the uniformity ratio U decreases regularly as the ratio S/PTFE increases.
The described trend is observed in all the sample series prepared starting from the various PTFE seeds and using styrene or methylmethacrylate. To make a homogeneous comparison, the size and U data are plotted as a function of the ratio between the amount of styrene or methylmethacrylate and the number of PTFE particles in the reaction mixture. Figure 7 illustrates the various data.
For both monomers, the size and uniformity ratio trends are very similar. The particle size increases as the ratio between the amount of monomer and the number of PTFE particles increases whereas the relevant size distribution Journal of Nanomaterials decreases. Provided that no pure PMMA and PS or PTFE nanospheres are present at the end of the reaction, and taking into account the yield values, the size of the coreshell nanospheres can be estimated from the amount of the initially added PTFE and the relevant monomer. In all cases, the estimated size is in close agreement with the observed one. This indicates that over the entire monomer/PTFE range, secondary nucleation was prevented with all the monomer ending up as shell polymer. The inhibition of the secondary nucleation suggests that the PTFE seed particles are able to capture all the unstable nuclei produced in the system even at very high monomer/PTFE ratios, thus avoiding the formation of stable secondary particles. A direct consequence of this observation is that particle size versus S/PTFE curve is superposable to the particle size versus M/PTFE curve. The overall picture of these data clearly indicates that a very precise control over the particle size and size distribution can be exerted by properly adjusting the ratio between the monomer and the PTFE seed. It is also interesting to speculate about the tendency toward an increasing size uniformity as the ratio monomer/seed increases. During Smith-Ewart Interval II [19] , the growing mechanism involves diffusion of monomer from the droplets to the particles and the growing probability appears related to the latex particle surface area. Consequently, bigger particles should display a growing probability higher than smaller particles. However, this mechanism would ultimately lead to an increase in the size distribution, in contrast with the experimental observations. We suggest that the thermodynamic tendency toward a reduction of the surface to volume ratio could produce an increased tendency of the smaller particles to absorb the monomer with respect to the bigger ones thus ultimately leading to size uniformity, provided that the monomer to seed ratio is sufficiently high. This suggestion is also in agreement with the competitive growth mechanism [19] of latex particles which indicates that small latex particles grow faster in size than larger ones, thus leading to narrow size distribution, when the particle size is lower than the critical value of 150 nm whereas the opposite occurs when the particle size is much larger than 150 nm. This general behavior is also very similar to the one described [43] for the seeded dispersion polymerization of methylmethacrylate using PMMA submicron seeds. In that system, the final number of particles was nearly the same as the initial number of seed particles thus allowing the final particle size to be precisely controlled leading to the target particle size with excellent reproducibility. In addition, although no explanation was given, a self-sharpening of the size distribution was also observed with increasing the monomer to seed ratio.
Similar results can be obtained in the case of the seeded polymerization of the two acrylic mixtures C1 and C2 starting from the MD PTFE seed. As a typical example, Figure 8 reports the AFM image of sample MDC1-3.
No residual MD latex is present in the various samples and monomodal and narrow size distribution of the latex particles are generally obtained. However, the particle size estimated assuming the presence of core-shell nanospheres only and quantitative yield is definitely lower than the coreshell particle diameters observed for series MDC1n and MDC2n ( Figure 9 ).
In addition, the size of samples belonging to MDC1n series is always higher than the one of the corresponding samples of MDC2n series. These two observations suggest that in both sample series the shell is swollen in water possibly due to the presence of the ionic and pH-sensitive methacrylic acid units. The swelling degree appears lower for series nMDC2 due to the presence of butylacrylate units which are less hydrophilic than methyl-or ethylacrylate units which constitute the shell of nMDC1 series. PCS measurements confirmed this hypothesis and indicated a pH dependence of the particle size. This effect could be employed to produce 2D ordered layers with distinct periodicities by assembling the core-shell particles after equilibration at different pH values.
Thermal Behavior.
The thermal behavior of the various samples was studied by combined differential scanning calorimetry and thermogravimetric analysis. Figure 10 illustrates the DSC heating and cooling traces of various sample in which the shell is constituted by PMMA, C1, and PS. The same figure reports the DSC traces of the seed MD, as a typical PTFE sample. In all the core-shell samples, at low temperature a step can be observed, due to the glass transition of the shell-forming polymer whereas, at high temperature, an endothermic transition is present, attributed to the PTFE melting. The crystallization of MD sample, at −10
• C/min cooling rate, is observed at 310
• C in agreement with literature data [44] . In contrast, the crystallization of PTFE cores in the three core shell samples occurs at 270
• C. This peculiar crystallization behavior, recently described and thoroughly discussed [45] for a series of PTFE/PMMA coreshell nanoparticles, and also observed in PTFE blends with polyamides [12, 13] , can be rationalized within the frame of the fractionated crystallization mechanism [46] . It is a characteristic of crystalline polymers to exhibit multiple crystallization transitions when dispersed as small particles [46] as may occur in some polymer blends [47, 48] or microphase separated in block copolymers [49] . In these cases, the number of the dispersed particles is much greater than the number of heterogeneities that usually nucleate the polymer in bulk. Then, the polymer crystallization occurs in one or more stages reflecting the nucleation by different heterogeneities and consequently activated at different degrees of undercooling. The particles that do not contain a heterogeneity eventually nucleate through homogeneous nucleation, at the largest undercooling. In the present case, due to the compartmentalization of PTFE within the core-shell nanospheres, the number of the dispersed PTFE particles is much greater than the number of heterogeneities that usually nucleate the polymer in bulk. In these conditions, only one crystallization component at very high undercooling is observed, possibly deriving from the homogeneous nucleation mechanism. In turn, the observation of the single low-temperature crystallization 2 µm 0 nm 50 nm Figure 8 : AFM image and 2D Fourier spectrum (inset) for the MDC1-3 specimen. Tapping-mode AFM image obtained from a film of core-shell nanoparticles that has been obtained from solvent evaporation on a drop-casted spread on a freshly cleaved muscovite mica disc. Heights are coded in shades according to the reported colour bar. The 2D Fourier transform of the central portion of the image (in the inset) shows the six intensity peaks denoting periodicity and hexagonal compact structure of the film with a periodicity of approximately 300 nm (correspondent to the measured average interparticle distance) [33] .
exotherm can be viewed as a proof for the occurrence of a perfect dispersion of the PTFE seeds. It should be observed that the melting of PTFE occurs at a temperature at which the shell forming polymers undergo thermal degradation. In fact, Figure 11 reports a series of successive DSC heating and cooling curves for sample. In the first cooling curve only the crystallization at 270
• C can be observed whereas in the successive cooling traces the PTFE crystallization is structured into two components but it is apparent that the relative intensities of the peaks is different from the previous cooling curve. In particular, the intensity of the crystallization peak at 310
• C increases whereas the opposite occurs for the crystallization component at 270
• C. This phenomenology is related to the parallel thermal decomposition of the PMMA shell which occurs through the well-known mechanism of random chain scission and followed by depropagation [50] [51] [52] . The unzipping and loss of the MMA allow the PTFE seeds to coalesce (Scheme 3).
The resulting increase in the PTFE domain size increases in turn the crystallization propensity of PTFE as demonstrated by the appearance and progressive growth of the PTFE crystallization component at 310
• C.
2D and 3D Colloidal Crystals.
Several experiments were performed to obtain ordered 2D and 3D colloidal crystals. In particular, 2D colloidal crystal of spheres was formed by the floating technique [37] [38] [39] excess during microfabrication processes. The RIE was performed in oxygen plasma, at an operative pressure of 3.0E-1 mbar, flux of 80 sccm, 80 W RF power, at different etching time ranging from 20 to 120 seconds, as illustrated for a typical preparation in Figure 12 .
Once subjected to RIE treatment, the nanospheres start reducing in size but the 2D structuring is not lost possibly because of the ionic anchoring of the negatively charged particles to the silicon surface. As the RIE time increases, the particle size decreases but the 2D ordering does not appear substantially perturbed. As the final particle size after 80 s RIE time is about 35 nm. This value represents the smallest 2D nanostructuration obtained by RIE [53] for the preparation of masks with a combination of nanosphere lithography and reactive ion etching.
3D colloidal crystals were prepared starting from various MDMn latexes. The corresponding opals, named OMDMn, were composed of flat domains with the [111] direction of the face-centered cubic lattice of spheres perpendicular to the glass substrate. The evolution of the stop band was studied both by reflectance spectra and transmittance spectroscopy at varying angles of incidence and as a function of polarization. Figure 13 shows the SEM image of the opal OMDM1 and the corresponding near normal incidence reflectance spectrum.
The main reflectance peak is assigned to the Bragg peak due to the pseudogap along the ΓL (111) crystallographic direction of the FCC colloidal crystal. The spectral position of the stop band is determined only by the lattice spacing and the refractive index of composing materials [54] . A simple analytical form for the Bragg peak position, widely adopted for opals, is provided by the Bragg-Snell law [55] :
where m is the diffraction order, D, the interplanar spacing; n eff , the effective refractive index of the PhC, and θ the incidence angle. In the case of a close packed FCC lattice, D = (2/3) 0.5 d. Additional features are observed in the reflectance spectrum below 400 nm. These peaks are a consequence of the complex opal photonic band structure occurring at energies higher than the pseudogap (corresponding to m = 2 and 3 in the Bragg-Snell law) and due to light diffraction along directions different from the incident one [56, 57] . The final characteristic of the spectrum is the presence on its background of an extended Fabry-Perot-like interference fringes pattern indicative of the optical quality of the opals, which can be used to determine the sample thickness as soon as the n eff of the system is known [55] . In order to determine n eff angle resolved spectroscopy combined with a fitting procedure through (1) is useful (see below).
Indeed, it is well known that the opal photonic band structure depends both on the wave vector of light and its Figure 13 : SEM micrograph (a) and reflectance spectrum of opal OMDM1 sample (b) [36] .
polarization [56, 58, 59] . All these properties are also strongly dependent on the opal quality, which is a direct consequence of the monodispersity of colloids used for their growth. In order to probe the quality of the opals, a characterization of the opal by incidence-angle-dependent transmittance spectroscopy for both P (parallel to plane of incidence) and S (perpendicular to the plane of incidence) polarization was performed. The advantage of the angular-dependent measurements is to clearly show the dispersive and polarized optical properties of the opals. In order to show these effects, in Figure 14 the transmittance spectra recorded at different incidence angles (from 0 to 54 • ) are reported for the OMDM1 opal for S (a) and P (b) polarization and with vertical orientation of the sample (vertical means that the direction of meniscus displacement during the growth is vertical with respect to the lab floor).
The stop band at θ = 0
• is observed as a minimum at about 625 nm, which shifts towards lower wavelengths upon increasing θ. Upon fitting these data with (1) and by assuming that the interplanar spacing is determined only by the sphere diameter, a value of n eff = 1.32 is obtained [36] .
At about 350 nm, an additional structure having an opposite dispersion is instead observed, merging at about 40
• with that of the main stop band and then crossing it. Additional structures, almost dispersiveless, are also observed below 400 nm. These complicate dispersive structures are strongly dependent on light polarization (more evident for P polarization) but are not characteristic of the nanosphere material since already observed for both polystyrene [56] and silica opals [60] . Finally, we notice that the full width at half maximum (FWHM) of the stop band becomes slightly anisotropic upon increasing the incidence angle. All these Journal of Nanomaterials Figure 14 : Transmittance spectra of OMDM1 opal as a function of the incidence angle from 0 to 52
• for S (a) and P (b) polarized light [36] .
features are in full agreement with theoretical calculations [56, 60] thus demonstrating the high optical quality of these opals and, as a consequence, of polymer nanospheres [36] .
Conclusion
Polytetrafluoroethylene (PTFE) latexes with particles in the submicrometer size range can be successfully employed as seeds in the emulsifier-free emulsion polymerization of various monomers including styrene, acrylic mixture, or methyl methacrylate or thus leading to a wide variety of core-shell nanosphere architectures. The seeded surfactantfree emulsion polymerization technique reveals an efficient process to prepare monodisperse latexes because the final number of particles was nearly the same as the initial number of seed particles thus allowing the final particle size to be precisely controlled leading to the target particle size with excellent reproducibility. In addition, a self sharpening of the size distribution was also observed with increasing the monomer to seed ratio. As a consequence of the high PTFE compartmentalization, a fractionated crystallization behaviour was observed in which the only PTFE crystallization process occurs at very high undercooling, possibly deriving from the homogeneous nucleation mechanism. These core-shell particles can be employed as very efficient additives able to provide blends featuring a perfect dispersion of PTFE particles provided that the shell is constituted by the same polymeric material with which the polymer matrix is made up. In addition, due to the excellent control over the particle size and distribution, these nanoparticles are excellent building blocks for colloidal crystals and other nanostructured materials. In particular, 2D colloidal crystal of spheres leads to the smallest 2D nanostructuration for the preparation of masks with a combination of nanosphere lithography and reactive ion etching. 3D colloidal crystals were also obtained featuring excellent opal quality, which is a direct consequence of the monodispersity of colloids used for their growth.
